The hypothalamic-pituitary-adrenal (HPA) axis modulates individuals' physiological responses to social stress, which is an inevitable aspect of the daily lives of group-living animals. Previous nonhuman primate studies have reported that sex, age, rank, and reproductive condition influence cortisol levels under stressful conditions. In this study we investigated cortisol responses to stress among 70 multiparous, free-ranging female rhesus macaques (Macaca mulatta) on the island of Cayo Santiago, PR. Plasma cortisol samples were collected in two consecutive years under similar conditions. Twentytwo females were sampled both years, and most of those females were lactating in only one of the years. Individual differences in cortisol levels were stable across years, even though reproductive condition changed for most individuals. No relationship was found between age or social rank and cortisol levels. Of the females that changed reproductive conditions, cortisol levels were higher when they were lactating than when they were cycling, and the amount of change in cortisol from cycling to lactating was greatest for low-ranking individuals. Heightened reactivity to stress during lactation may be the result of concerns about infant safety, and such concerns may be higher among low-ranking mothers than among higher ranking mothers. Psychosocial stress and hyperactivation of the HPA axis during lactation can suppress immune function and increase vulnerability to infectious diseases, thus explaining why adult females in the free-ranging rhesus macaque population on Cayo Santiago have a higher probability of mortality during the birth season than during the mating season. Am. J. Primatol. 72:559-565, 2010. 
INTRODUCTION
The hypothalamic-pituitary-adrenal (HPA) axis plays an important role in modulating an organism's responses to perturbations of the environment. Social stress is an inevitable aspect of the daily lives of groupliving animals, particularly for animals such as many nonhuman primates that live in complex societies. Understanding interindividual variation in HPA axis function in group-living primates can enhance our understanding of how individuals and their behavior are affected by their social environment and the extent to which their adjustments to environmental challenges are adaptive or maladaptive.
In nonhuman primates, the activity of the HPA axis is typically assessed by measuring the concentrations of cortisol in blood or feces under baseline conditions or in response to stress. A large number of studies have demonstrated that there are significant differences in basal or stress cortisol levels among individuals living in the same group and that these individual differences are stable over time, at least in the laboratory [e.g. Bercovitch & Clarke, 1995; Cavigelli et al., 2003; Crockford et al., 2008; Higley et al., 1992a; see below] . Sex, dominance rank, age, and female reproductive condition are variables that have been shown to affect variation in cortisol levels in nonhuman primates. Although males and females generally have similar cortisol levels under basal conditions, there is some evidence that females exhibit greater cortisol responses to stress [e.g. Meyer & Bowman, 1972; Scallet et al., 1981 ; but see Higley et al., 1992b , for a lack of significant sex differences] and pharmacological challenges [ACTH challenge : Bowman & Wolf, 1969; CRH challenge: Sanchez et al., 2010] than males.
The relation between dominance rank and cortisol level is complex, as some primate studies have reported higher cortisol levels in low-ranking individuals, whereas others have reported higher cortisol levels in high-ranking individuals [see Abbott et al., 2003 for review] . In cercopithecine monkeys such as rhesus macaques and baboons, dominance ranks are stable for females but can be very unstable for males [Melnick & Pearl, 1987] . In these species, studies have generally reported higher cortisol levels in low-ranking than in high-ranking females [e.g. Gust et al., 1993; Maestripieri et al., 2008] , whereas the relation between cortisol and rank in males is more variable and different in periods of rank stability and instability [Bercovitch & Clarke, 1995; Sapolsky, 1992] .
Reports on the effects of age on cortisol in nonhuman primates are mixed. Gust et al. [2000] reported that the basal cortisol levels of rhesus macaques 15 years and older were higher at the evening nadir but lower at the morning zenith than the cortisol levels of younger females, suggesting that aging flattens circadian rhythm in circulating cortisol. The authors found no age-related differences in cortisol response to a social stressor. Goncharova and Lapin [2002] reported evidence for adrenal cortex hyperreactivity in aging monkeys; furthermore, it took old monkeys longer to return to basal cortisol levels following ACTH administration.
The relation between female reproductive condition and cortisol levels has been poorly investigated in nonhuman primates. Some studies of rodents and humans have shown that lactation is accompanied by reduced HPA axis reactivity to stress, suggesting that breastfeeding has anxiolytic properties, possibly mediated by oxytocin [Neumann et al., 2000] . Maestripieri et al. [2008] , however, reported that among a population of free-ranging rhesus macaques, lactating females had higher cortisol levels in response to stress than did cycling females, suggesting that in this primate species, motherhood may be associated with heightened emotional reactivity and anxiety, possibly because of concerns about infant safety [see also Maestripieri, 1993a,b] . The higher cortisol responses to stress exhibited by lactating females were unlikely to be the result of higher basal cortisol levels because basal cortisol levels return to pre-pregnancy baseline levels within 1 week following parturition [Mastorakos & Ilias, 2003; McLean & Smith, 1999; Taylor et al., 1994] , and no lactating females in the study gave birth during the week that preceded plasma collection.
Studies in which HPA axis function is repeatedly assessed over long periods of time are rare in freeranging nonhuman primates. The only relevant studies have been conducted in rhesus monkeys reared and/or housed under artificial laboratory conditions. For example, among rhesus monkeys separated from their mothers after birth and housed in pairs or small groups in cages, individual differences in cortisol levels in response to mild stress were relatively stable from infancy through the juvenile years [Davenport et al., 2003; Higley et al., 1992b; Suomi, 1983 ; see also Erwin et al., 2004] . Temporal consistency was also evident among a population of singly housed, adult male rhesus macaques when tested under both basal and restraint conditions [Capitanio et al., 1998 [Capitanio et al., , 2004 . Given that relevant data from free-ranging monkeys are lacking, we do not yet know whether the stability in individual differences in cortisol levels observed in the laboratory also would occur in individuals living in a complex social and ecological environment.
In this study we investigated cortisol responses to stress (capture and individual housing) among multiparous female rhesus macaques in the freeranging population on the island of Cayo Santiago, PR. Data were collected in two consecutive years under very similar conditions. Some of our subjects were sampled both years, whereas others were sampled in 1 year but not in the other. Of the subjects sampled both years, some of them were sampled in different reproductive conditions, i.e. they were cycling 1 year and lactating the other year.
We tested the following hypotheses: (1) individual differences in cortisol responses to stress would be stable across the 2 years, despite changes in reproductive condition for some females; (2) younger individuals would have the lowest cortisol levels but middle-and old-aged individuals may not differ in their cortisol; (3) cortisol responses to stress would be lowest in high-ranking females and highest in low-ranking females; and (4) females that were sampled twice and in different reproductive conditions would have higher cortisol levels when lactating than when cycling. With the latter hypothesis, we aimed to replicate, using a within-subjects analysis, our previous finding obtained with a between-subjects comparison that lactation is associated with increased cortisol responses to stress in female rhesus macaques.
METHODS

Subjects
This study was conducted with the free-ranging population of rhesus macaques on Cayo Santiago, a 15.2 ha island located 1 km off the southeastern coast of Puerto Rico. This colony was established in 1938, with free-ranging monkeys captured in India [Rawlins & Kessler, 1986] . Since then, no new individuals have been introduced into the population, except through births. To maintain a stable population size, a fraction of the yearlings and 2-year olds are culled each year. During the study period, the population included approximately 850 animals distributed among 6 naturally formed social groups. Monkeys on Cayo Santiago forage on vegetation and are provisioned with rainwater and commercial monkey chow. Rhesus macaques are seasonal breeders. In the Cayo Santiago population, there is a 6-month mating season beginning in March, followed by a 6-month birth season beginning in September. Some rhesus females give birth every year while others do so every other year. Colony records are updated with daily censuses of all animals. The Cayo Santiago database includes information on each animal's date of birth and death, maternal relatedness and genealogy, as well as a history of each individual's group membership, reproduction, and health.
The data presented here were collected as part of a larger study of stress and reproduction in multiparous females. Study subjects included all adult females in the population who, when the study began, were older than 15 years of age (n 5 55) and a control group of younger females (n 5 15) aged between 6 and 15 years. Average age in the sample was 16.6070.50 years. Each subject was multiparous and belonged to one of 6 social groups (F 5 23 R 5 19; S 5 15; V 5 5; HH 5 4; KK 5 4). Subjects, with the exception of 12 individuals for which behavioral data were not available, were classified as being high-, middle-, or low-ranking depending on whether their rank fell within the top, middle, or bottom third of the dominance hierarchy within their group. Dominance hierarchies were established on the basis of data collected by trained observers on aggressive and submissive interactions. Blood samples were collected and body mass was recorded from 52 females between January and March 2007, and from 40 females between January and February 2008. Twenty-two of the females were caught and sampled both years. During the 2007 trapping season, 25 females were lactating and had a live infant (infant age range: 8-134 days; mean7SE 5 72.877.5 days), 4 of them had given birth to an infant within 6 months but the infant had died for unknown reasons, 2 of them were pregnant, and 21 of them were cycling. During the 2008 trapping season, 26 of the females were lactating and had a live infant (infant age range: 1-134 days; mean7SE 5 86.376.3 days), 1 of them had given birth to an infant within 6 months but the infant had died for unknown reasons, and 13 were cycling. Of the 22 females caught both years, 6 were lactating in 2007 and cycling in 2008; 6 were cycling in 2007 and lactating in 2008; 2 were pregnant in 2007 and cycling in 2008; 6 were lactating both years; and 2 were cycling both years. All females were inspected by a veterinarian at the time of sample collection and found to be in good health. Therefore, there was no hint that the cycling females in this study did not conceive as a result of health problems, or that the lactating females were in poor health. For females who had not given birth within the 6 months prior to their being trapped, pregnancy was determined at the time of sampling through a physical inspection (palpation of the abdomen) by the veterinarian and reconfirmed retrospectively at the end of the birth season.
Procedure
Monkeys were captured in a feeding corral, approximately 100 m 2 , which was provisioned daily with monkey chow. Trapping generally occurred between 8:30 and 12:00. Subjects were netted or captured by hand in the corral, transferred to a holding cage (0.62 Â 0.42 Â 0.62 m), and moved to a small field laboratory. The adult females and their infants were then placed into a standard squeeze cage for overnight housing. The morning after capture, the monkeys were anesthetized with ketamine (approximately 10 mg/kg via IM injection), a blood sample was collected, and the females were weighed. Mother-infant pairs were separated only for the period of time when mothers were anesthetized. Blood samples were collected between 7:15 and 10:40 (average time of day: 8:1875.0 min) and, on average, 66.575.5 min after the door of the laboratory was first opened (range: 7-213 min) and 22.172.7 min after ketamine administration (range 0-127 min). Samples collected the morning after capture presumably reflect the cumulative stressful effects of capture and overnight housing [see Laudenslager et al., 1999; Maestripieri et al., 2008] . All blood samples were collected from the femoral vein into heparin-treated Vacutainer tubes. Samples were refrigerated for 20 min and were then centrifuged for 20 min. Following centrifugation, the plasma was aliquotted into microcentrifuge tubes, and tubes were stored at À801C until shipped to the Biomarker Assay Core Lab of the Yerkes National Primate Research Center, where they were assayed for cortisol by radioimmunoassay using a commercially available kit (Diagnostic Systems Laboratories, Webster, TX). The samples collected in 2007 were assayed in April 2007 [see Maestripieri et al., 2008 , for some of these data], while the samples collected in 2008 were assayed in July 2008. The assay used has an intraassay coefficient of variation of 4.90%. Measures of interassay variation, assessed by adding low and high concentration standards to each assay, were 15.6% (low) and 13.5% (high).
Analyses
Raw cortisol values were used in the analyses. One female was excluded from analyses because her cortisol level was more than 2.5 standard deviations below the group average. We used general linear mixed models (GLMM) to assess the effects of 3 categorical variables and 3 continuous variables on cortisol levels. Dominance rank, social group, and reproductive condition were fixed factors in the models, and female age, female mass, and infant age were continuous factors. Because blood samples and masses were collected from some females both in 2007 and 2008, we included individual identity and year of sample collection as random factors in the models. We used restricted maximum likelihood methods for model estimation and Sattherwaite's F tests to gauge fixed effects. We chose the best model using Akaike's information criterion (AIC), starting with all main effects and interactions between each main effect and the random factors ''identity'' and ''year.'' None of the interactions with identity or year were included in the final model.
Other statistical tests included Student's t-tests for paired and unpaired samples, Pearson's correlations, analysis of variance (ANOVA), and chi-square tests. All tests were two-tailed, unless otherwise noted. Probabilities o0.05 were considered statistically significant. All analyses were conducted in SPSS 18.0 (SPSS, Inc., Chicago, IL).
Research Ethics
The research protocol followed was assessed and approved by the Institutional Animal Care and Use Committees of the University of Chicago and the University of Puerto Rico and adhered to the ASP principles for the ethical treatment of nonhuman primates.
RESULTS
Our final model included only female reproductive state as a predictor of cortisol levels (GLMM: F 1,58 5 7.86, P 5 0.007). Female age, female mass, infant age, dominance rank, and social group were not included in the final model because they were not significant predictors of cortisol. The model indicated that cortisol levels were significantly higher for lactating females than for cycling females (t 5 À2.80, df 5 19, P 5 0.007).
There was a significant positive correlation between 2007 and 2008 cortisol levels for the 22 females that were trapped both years (n 5 22, r 5 0.50, P 5 0.02), suggesting that individual differences in cortisol levels were stable across the 2 years (see Fig. 1 ). To confirm that the correlation was not driven by the 10 females who were either cycling both years or lactating both years, we examined (2007, 18.3270.34; 2008, 15.8370.84 ; t 5 3.00; df 5 91; P 5 0.003), the difference in cortisol between years may have been due to the possibility that cortisol is higher in older than in younger females. When only the 22 females that were trapped both years were considered, however, cortisol levels were still significantly higher in 2007 (37.2372.25 ug/dl) than in 2008 (31.9772.07 ug/dl; t 5 2.42; df 5 21; P 5 0.03), despite the fact that these females were obviously younger in 2007 than in 2008. Therefore, the difference between years was not due to age. We examined whether the difference in cortisol between years may have been due to a difference in the relative proportion of cycling vs. lactating females in the 2 years since we previously reported that in the 2007 females, cortisol was significantly higher in lactating than in cycling females . However, the proportion of lactating females was significantly higher in 2008 (cycling: 13; lactating 5 26) than in 2007 (cycling 5 22; lactating 5 25; w 2 5 6.27; df 5 1; P 5 0.01). Therefore, higher cortisol levels in 2007 were not due to a higher proportion of lactating females in the sample.
Since body mass can influence cortisol production, we examined whether differences in the 2007 and 2008 cortisol averages could have been related to differences in body mass. The body masses of lactating and nonlactating females were equivalent in both 2007 and 2008 (2007: lactating: 9.3270 .30 kg; cycling: 9.1070.41 kg; t 5 0.43, df 5 44, P 5 0.67; 2008: lactating: 8.2470.29 kg; cycling: 8.8270.57 kg; t 5 À1.01, df 5 38, P 5 0.32), but females were heavier in 2007 than in 2008 (2007: 9.1570.25 kg; 2008: 8.4370 .27; t 5 1.96, df 5 88, P 5 0.05). Body masses also were higher in 2007 than 2008 for the 22 females that were trapped both years (2007: 8.6270.34 kg; 2008: 7.9770 .28 kg; t 5 3.90, df 5 21, P 5 0.001). There was no correlation, however, between body mass and cortisol in 2007 or 2008 (2007: n 5 51, r 5 À0.07, P 5 0.63; 2008: n 5 40, r 5 À0.16, P 5 0.33). Am. J. Primatol.
We concluded from these analyses that the difference in cortisol between years may have been due to the fact that the hormonal assays for the samples collected in the 2 years were run separately, at different times and using different kits. To be able to conduct within-subjects comparisons across years, we calculated z-scores for the 2007 samples and z-scores for the 2008 samples.
Among the females sampled both years, 12 females were lactating 1 year and cycling the other. Within-subjects comparisons using z-scores revealed that cortisol was significantly higher when females were lactating than when they were cycling (lactating: 0.4470.29; cycling: À0.2670.32; t 5 2.98, df 5 11, P 5 0.01). For the females that either were cycling both years (n 5 2) or lactating both years (n 5 6), there were no differences in 2007 and 2008 cortisol values (2007: 0.3970.35; 2008: 0.4770.36 ; t 5 À0.19, df 5 7, P 5 0.86). The increase in cortisol from the cycling condition to the lactating condition was not related to female age (n 5 12, r 5 À0.36, P 5 0.25) but varied significantly in relation to dominance rank: low-ranking females had greater increases in cortisol from the cycling condition to the lactating condition than did middle-or high-ranking females (F 2,9 5 6.99, P 5 0.02) (Fig. 2) .
DISCUSSION
The results of this study demonstrate that the cortisol responses to stress of multiparous female rhesus macaques are stable across two consecutive years. Stable individual differences in cortisol levels have previously been reported in rhesus monkeys living in controlled and homogeneous laboratory conditions [e.g. Capitanio et al., 1998; Higley et al., 1992b] . Remarkably, our study shows that such stability can also be observed among rhesus females belonging to a large free-ranging population living in a heterogeneous natural environment.
Neither variation in age between 6 and 27 years nor social rank were significantly associated with variation in cortisol response to stress. Differences in reproductive condition, however, were associated with differences in females' cortisol levels. In a previous study, we showed that cortisol responses to capture and individual housing are higher in lactating females than in cycling females . In the present study, we replicated this finding using within-subjects analyses and showed that the same individual females have higher cortisol responses to stress when lactating than when cycling. Given that lactation is energetically costly, higher levels of cortisol among mothers may be an artifact of increased glucose production during lactation [Bell & Bauman, 1997; Gittleman & Thompson, 1988] . However, we found no relationships between reproductive condition and body mass or between cortisol and body mass; therefore, it is unlikely that the metabolic costs associated with lactation accounted for the observed differences in cortisol levels. The higher cortisol responses to stress exhibited by lactating females may have been the result of concerns about infant safety. Consistent with this explanation, we found that the increase in cortisol responses to stress occurring during lactation was higher in low-ranking than in middle-and high-ranking females. Lowranking mothers may perceive their infants to be at risk from other group members to a greater extent than middle-and high-ranking females and experience greater constraints in their ability to provide protection for offspring [Maestripieri, 1995] . Analysis of the longitudinal mortality records has demonstrated that infants born to low-ranking females have a lower probability of surviving their first year than infants born to high-ranking females [Drickamer, 1974] . This implies that motherhood may be particularly challenging for low-ranking females.
In a previous study, we demonstrated that adult females in the free-ranging population of rhesus macaques on Cayo Santiago are more likely to die during the birth season than during the mating season, suggesting that the processes of pregnancy, parturition, and lactation have significant survival costs for females . Infectious diseases are a significant cause of adult mortality in the Cayo Santiago population [Kessler et al., 2006] . Sustained hyperactivation of the HPA axis during lactation can impair immune function and therefore contribute to increased vulnerability to infection and increased risk of mortality. Thus, in addition to the energetic demands of pregnancy and lactation, the psychosocial stress associated with motherhood can be a significant cost of reproduction for rhesus macaque females. Future work should investigate whether females who reproduce every year are more likely to exhibit signs of chronic stress than females that reproduce every other year, and whether frequent reproduction, especially among low-ranking females, is associated with reduced health and longevity.
